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Edited by Stuart FergusonAbstract We have recently reported that RPE65 from the ret-
inal pigment epithelium is the isomerohydrolase, a critical en-
zyme in the visual cycle for regeneration of 11-cis retinal, the
chromophore for visual pigments. Here, we demonstrated that
mutation of any one of the absolutely conserved four histidine
and one glutamic acid residues to alanine in RPE65 abolished
its isomerohydrolase activity. Substitution of the conserved glu-
tamic acid with glutamine also resulted in loss of the activity.
Moreover, these mutations signiﬁcantly reduced protein stability
of RPE65. These results indicate that these conserved residues
are essential for the isomerohydrolase activity of RPE65 and
its stability.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Vertebrate visual pigments use 11-cis retinal as the chromo-
phore [1,2]. Photoisomerization of 11-cis retinal to its all-trans
isomer triggers the activation of visual pigments and subse-
quently initiates vision. Recycling of 11-cis retinal through
the retinoid visual cycle is essential for the regeneration of
visual pigments and for normal vision [3,4]. The conversion
of all-trans retinyl ester to 11-cis retinol in the retinal pigment
epithelium (RPE) is a critical step in the visual cycle, which is
catalyzed by the isomerohydrolase. The isomerohydrolase has
not been never identiﬁed until recently, although the activity in
the RPE was reported almost 20 years ago [5].
RPE65 is a microsomal protein predominantly expressed in
the RPE [6–8]. Mutations in RPE65 are associated with retinal
dystrophies, such as retinitis pigmentosa or Lebers congenital
amaurosis [9–12]. RPE65 knockout (Rpe65/) mice showedAbbreviations: Ad-RPE65, adenovirus expressing RPE65; CHX, cyclo-
heximide; LRAT, lecithin retinol acyl transferase; MOI, multiplicity of
infection; RPE, retinal pigment epithelium
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eration [8,13]. Recently, we showed that recombinant RPE65
expressed in several mammalian cell lines (293A, COS-1, Hela,
and HepG2) from diﬀerent origins converts all-trans retinol to
11-cis retinol when lecithin retinol acyl transferase (LRAT) is
co-expressed in the same cells [14]. Moreover, this enzymatic
activities correlate with the expression levels of RPE65 in these
cells. This study for the ﬁrst time indicated that RPE65 is the
isomerohydrolase in the visual cycle and catalyzes the hydroly-
sis and isomerization of all-trans retinyl ester to generate 11-cis
retinol. However, the functional parameters of this important
enzyme, such as key residues and the molecular mechanism for
the enzymatic reaction, have not been studied.
RPE65 shares signiﬁcant sequence homology with b-caro-
tene 15,15 0-monooxygenase, an enzyme releasing vitamin A
from b-carotene [15–17]. Recent studies demonstrated that b-
carotene monooxygenase is an iron-dependent enzyme [18].
Moreover, the carotenoid oxygenase crystal structure showed
that iron is coordinated by 4 histidine (His) residues in the pro-
tein [19], and the corresponding residues are essential for the
enzymatic activity of b-carotene 15,15 0-monooxygenases [20].
Some of the conserved glutamic acid (Glu) residues have also
been shown to be critical for b-carotene monooxygenase activ-
ity [20].
Sequence alignment showed that some of these His and Glu
residues are also conserved in RPE65 [20]. The present study
determined the role of 4 conserved His and one of the Glu res-
idues in the isomerohydrolase activity of RPE65.2. Materials and methods
2.1. Site-directed mutagenesis and construction of adenoviral vector
Point mutations were generated using the QuickChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Recombinant adenovirus
was generated as described [14], ampliﬁed and titered using the Ade-
no-Xe Rapid Titer Kit (BD Bioscience, Mountain View, CA).
2.2. Preparation of a 293A cell line stably expressing human LRAT
(293A-LRAT)
The pcDNA6 vector (Invitrogen, Carlsbad, CA) expressing the hu-
man LRAT cDNA was linearized and transfected into QBI-293A cells
using Fugene6 (Roche, Indianapolis, IN) following manufactures pro-
tocol. The transfected cells were selected using 10 lg/ml of blasticidine
(Invitrogen) and cloned by the serial dilution method. LRAT expres-
sion was conﬁrmed by Western blot analysis.blished by Elsevier B.V. All rights reserved.
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The 293A-LRAT cells were infected by Ad-wtRPE65 or its mutants
separately and cultured for 24 h post-infection. The cells were lysed
and 250 lg of cellular protein were used isomerohydrolase activity
assay as described [14].
2.4. Protein stability assays
QBI-293A cells at 75–85% conﬂuency were infected with the
recombinant viruses expressing wtRPE65 or its mutants at multiplic-
ity of infection (MOI) of 10. The recombinant RPE65 and its
mutants were allowed to express for 18 h followed by addition of
25 lg/ml of cycloheximide (CHX, Sigma, St. Louis, MO) to block
translation. The cells were harvested at 0, 2, 6 and 10 h following
the addition of CHX. The protein levels were semi-quantiﬁed using
Western blot analysis and normalized by b-actin levels. Apparent
half-lives were averaged in 3 independent experiments and expressed
as means ± S.D.Fig. 1. Western blot analyses of the His mutants of RPE65. The 293A-
LRAT cells were infected separately with Ad-wtRPE65, Ad-H180A,
Ad-H241A, Ad-H313A and Ad-H527A at MOI of 40. (A) 50 lg of
total cellular proteins from each mutant was blotted by antibodies for
RPE65, LRAT and b-actin. Lanes: 1, 5 lg of bovine RPE microsomal
protein for the RPE65 blot and 1.25 lg of total cell lysate from Sf9 cell
expressing human LRAT for the LRAT blot; 2, uninfected cells; 3–7,
cells infected with Ad-wtRPE65 (3), Ad-H180A (4), Ad-H241A (5),
Ad-H313A (6) and Ad-H527A (7). (B) Relative RPE65 or its mutant
levels semi-quantiﬁed by densitometry, normalized by b-actin levels,
averaged in 3 independent experiments and expressed as percentage of
wtRPE65 (means ± S.D.).3. Results
3.1. Decreased protein levels and abolished enzymatic activity in
RPE65 mutants H180A, H241A, H313A and H527A
Sequence alignment revealed that His180, His241, His313,
His527 and Glu469 residues which form the iron-binding
pocket in carotenoid oxygenase [20] are absolutely conserved
in all the carotenoid oxygenases and RPE65 from multiple spe-
cies. To determine the role of these His residues in the isomero-
hydrolase activity of RPE65, we have substituted them
individually with alanine using site-directed mutagenesis. The
mutants were expressed in 293A-LRAT cells using the adeno-
virus vector. The co-expression of LRAT in 293 cells is neces-
sary as it generates all-trans retinyl ester, a substrate for
RPE65 [14,21]. When the cells were infected with viruses
expressing the RPE65 mutants at the same titer as that of
Ad-wtRPE65 (MOI = 40), only H180A mutant showed the
protein level similar to that of wtRPE65, while H241A,
H313A and H527A exhibited signiﬁcantly lower protein levels
than wtRPE65 (15–20% of the wtRPE65 after normalization
by b-actin levels) (Fig. 1).
The same amount of total protein from these infected cells
was used for isomerohydrolase activity assay. After the incu-
bation of cell lysate expressing wtRPE65 with all-trans [3H]-
retinol for 2 h, signiﬁcant amounts of 11-cis retinol and retinyl
were generated. In contrast, none of the histidine mutants gen-
erated any detectable peak of 11-cis retinol, although high lev-
els of retinyl esters were generated (Fig. 2). To achieve higher
levels of the mutants, we have also infected the 293A-LRAT
cells with high titers of the viruses (MOI of 100 for Ad-
H180A and MOI of 400 for Ad-H313A and Ad-H527A). At
the higher protein levels of these mutants, none of them
showed detectable isomerohydrolase activity (data not shown),
suggesting that the abolished activity is not a result of the
lower protein levels of the mutants.
3.2. Decreased protein stabilities of the histidine mutants
In order to determine if the mutations at these conserved His
residues aﬀect the RPE65 protein stability, QBI-293A cells
were separately infected with Ad-wtRPE65, Ad-H180A, Ad-
H241A, Ad-H313A and Ad-H527A at MOI of 10. The protein
expression was allowed for 18 h following the infection and
then blocked by the addition of 25 lg/ml of CHX. The cells
were harvested at 0, 2, 6 and 10 h after the addition of CHX
for semi-quantiﬁcation of RPE65 protein levels by Westernblot analysis and densitometry. As shown in Fig. 3, wtRPE65
protein displayed a high stability, with an apparent half-life
longer than 10 h. Consistent with the protein levels at 24 h fol-
lowing the infection (Fig. 1), H180A exhibited a protein stabil-
ity comparable to that of wtRPE65 (half-life >10 h), while the
other His mutants showed signiﬁcantly decreased protein sta-
bilities, with the half-lives less than 3 h for H241A and less
than 2 h for H313A and H527A (Fig. 3).
3.3. Essential role of Glu469 in isomerohydrolase activity of
RPE65
As Glu469 is perfectly conserved in carotenoid oxygenase
and RPE65 and possibly participates in iron coordination,
we substituted Glu469 with alanine and glutamine. E469A
and E469Q were both expressed in 293A-LRAT cell line using
the adenovirus vector with MOI of 40 and 100. Both mutants
exhibited signiﬁcantly lower protein levels than wtRPE65
(about 30% of wtRPE65 after normalization by b-actin levels).
When the same amount of cell lysate was used for enzymatic
assay, no isomerohydrolase activity was detected in E469A
(Fig. 4). Moreover, E469Q also lost isomerohydrolase activity,
suggesting the charge in Glu469 is essential for the enzymatic





























































































Fig. 2. Isomerohydrolase activities of the histidine mutants. The 293A-LRAT cells were infected by the same titer of each adenovirus (MOI of 40)
and cultured for 24 h. Same amounts of total cell lysate were used for isomerohydrolase activity assays using all-trans [3H]-retinol as the substrate.
Generated retinoids were analyzed by HPLC. Peaks: 1, retinyl esters; 2, 11-cis retinol; 3, all-trans retinol.
Fig. 3. Protein stabilities of conserved histidine mutants. QBI-293A cells were infected with Ad-wtRPE65, Ad-H180A, Ad-H241A, Ad-H313A and
Ad-H527A at MOI of 10. Protein synthesis was stopped by CHX at 18 h post-infection. At diﬀerent time intervals after the addition of CHX, cells
were harvested for Western blot analysis using anti-RPE65 antibody, followed by stripping and re-blotting with an anti-b-actin antibody. (A)
Representative blots from 3 independent experiments. (B) Protein levels were semi-quantiﬁed, normalized by b-actin levels and expressed as
percentage of the levels prior to the addition of CHX (means ± S.D., n = 3).
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Fig. 4. Expression levels and isomerohydrolase activities of mutants E469A and E469Q. The 293A-LRAT cells were infected with Ad-wtRPE65, Ad-
E469A and Ad-E469Q at MOI of 100. (A) Western blot analysis; Lanes: 1, 5 lg of bovine RPE microsomal protein for the RPE65 blot and 1.25 lg of
cell lysate from Sf9 cell expressing human LRAT for the LRAT blot; 2–5, 50 lg of total protein from uninfected cells (2), cells infected with Ad-
wtRPE65 (3), Ad-E469A (4)and Ad-E469Q (5). (B) Relative protein levels of the mutants were semi-quantiﬁed by densitometry, normalized by b-
actin levels, averaged among 3 independent experiments and expressed as percentages of the wt (means ± S.D.). (C) Cell lysate from (A) was used for
isomerohydrolase activity assays. Peaks: 1, retinyl esters; 2, 11-cis retinol.
Fig. 5. Molecular modeling of the iron-binding site of RPE65. The 3-
D structure model of human RPE65 was constructed using coordinates
from the structure of carotenoid oxygenase [19]. The perfectly
conserved residues, H180, H241, H313, H527 and E469 and iron are
indicated.
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The isomerohydrolase catalyzes the hydrolysis and isomeri-
zation of all-trans retinyl ester to generate 11-cis retinol, a key
process for regeneration of visual pigments [3]. Although the
isomerohydrolase activity has been known for almost 20 years
[5], the enzyme has never been puriﬁed because it is sensitive to
detergents required for puriﬁcation [22]. Using recombinant
RPE65 and in vitro isomerohydrolase activity assay, we have
recently identiﬁed RPE65 as the long-sought isomerohydrolase
[14]. The present study for the ﬁrst time identiﬁed the con-
served 4 His and 1 Glu as the key residues essential for the
enzymatic activity of RPE65.
RPE65 shares signiﬁcant sequence homology with caroten-
oid oxygenases, which are iron-dependent enzymes [15–
17,19]. It was reported recently that the four histidine residues
and an iron in the catalytic core are essential for that enzy-
matic activity of b-carotene monooxygenase, a member of this
oxygenase family [19,20]. Although the sequence homologies
between RPE65 and other carotenoid oxygenases are not very
high, these four His (His180, His241, His313 and His527) and
Glu469 residues are conserved in RPE65 and carotenoid oxy-
genases from all species [19]. This leads to our hypothesis that
these His and Glu residues may be essential for the enzymatic
activity of RPE65. Here, we demonstrate that mutation of any
one of these His or Glu residues completely abolishes the enzy-
matic activity of RPE65, suggesting that these conserved resi-
dues are essential for isomerohydrolase activity.
Moreover, we performed structural analyses using molecular
modeling of RPE65. A carotenoid oxygenase crystal structure(PDB accession number: 2BIW, [19]) was used as the template.
In the predicted 3-D model of RPE65, the four conserved His
residues are located at positions almost identical to that in the
carotenoid oxygenase, likely to interact with iron (Fig. 5). A
conserved Glu469 residue is located adjacent to the catalytic
core formed by the 4 His residues. The Glu469 is at a distance
which is likely to form a hydrogen bond with His527 in the cat-
alytic core (Fig. 5). Our data showed that substitution of the
5418 Y. Takahashi et al. / FEBS Letters 579 (2005) 5414–5418charged Glu469 with a Gln results in complete loss of the enzy-
matic activity of RPE65, although this substitution is unlikely
to cause signiﬁcant disturbance to the protein structure. This
result seems to support the assumption that Glu469 and
His527 may form a hydrogen bond which possibly ﬁxes orien-
tation of the side chain of His527 and thus, strengthens iron
binding. Alternatively, negative charge of Glu469 could inﬂu-
ence the pKa of His527.
It is known that many enzymes require certain metal ions
bound to the protein, such as iron, copper, zinc and magne-
sium, as cofactors for their catalytic reactions [23]. In many
of the iron-containing enzymes, histidine, glutamic acid, and
aspartic acid generally form the metal binding site [24]. The
crystal structure and biochemical evidence both showed that
carotenoid oxygenases contain an endogenous iron which is re-
quired for its enzymatic activity, and the iron is coordinated by
4 His residues [19,20]. Based on the 3-D structure model of
RPE65 active site (Fig. 5), the conserved His and Glu residues
of RPE65 are located at nearly identical positions as the iron-
binding site of carotenoid oxygenase [19]. Moreover, we have
previously shown that the isomerohydrolase activity of
RPE65 requires endogenous iron [25]. Therefore, one possible
explanation for the abolished enzymatic activity of RPE65 in
these mutants may be that substitution of these His or Glu res-
idues results in the loss of endogenous iron which is an essen-
tial co-factor for the isomerohydrolase [25]. The catalytic
mechanism involving iron has not been elucidated for
RPE65. It was previously shown that the carotenoid substrate
changes its conformation from trans to cis upon binding to
carotenoid oxygenase [19]. It is likely that RPE65 may utilize
a similar mechanism for the hydrolysis and isomerization of
its substrate, all-trans retinyl ester, although the bond which
is cleaved by RPE65 is diﬀerent from that cleaved by carotene
oxygenase.
RPE65 is a stable enzyme with a half-life longer than 10 h in
the cell line used in this study. In addition to the abolished
enzymatic activity, all the His and Glu mutations, except for
H180A, also accelerate the degradation of RPE65 protein.
There are two possible explanations for the decreased protein
stability after the mutations of these conserved residues. (1)
These conserved residues may be required for maintaining cer-
tain secondary or tertiary structure of the protein which con-
fers high protein stability of RPE65. (2) Endogenous iron
bound to RPE65 may be important for its protein stability.
Mutations of these His residues may lead to a loss of iron-
binding capacity and subsequently, destabilize the protein.
In summary, the present study shows that the conserved His
and Glu residues in RPE65 may form iron-binding site essen-
tial for the isomerohydrolase activity of RPE65.
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